Abstract. The fact that the nucleated center of the nerve cell is the major source of the macromolecular materials required in the maintenance and function of the whole neuron requires the operation of a steady cellulifugal convection of these supplies into and down the nerve fiber. This proximo-distal traffic has been firmly established, but the mechanisms involved in it are still poorly understood. Besides the slow (ca. 1 mm per day) advance of the axonal column as a whole ("axonal flow" in the strict sense), the demonstration of additional, much faster, traffic rates (up to several cm per day) calls for special conduits within the axon ("intra-axonal flow"). To test the possible role of neurotubules (average width: 220 A) in this traffic, the drug colehicine, known for its immobilizing effect on microtubules in other types of cells, was locally injected into peripheral nerves. This resulted in a major blockage of the proximo-distal movement of a test enzyme, acetyleholiniesterase, into and through the injected zone, the extent of blockage varying with the applied dosage. By analogy, the neurotubules thus seem to be definitely implicated in the motile mechanism of intra-axonal transport. By contrast, the movement of a mitochondrion-associated marker enzyme, diphosphopyridine nucleotide diaphorase, was not perceptibly affected (in the submaximal dosage range), which seems to signify that the proximo-distal shift of mitochondria, for which the slow axonal flow acts as carrier, has gone on uninterruptedly. The experiments thus indicate the possibility of uncoupling the axonal and intra-axonal transport mechanisms.
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Since the discovery of the continuous proximo-distal movement of neuroplasm from the nerve cell down the axon,1 many additional data on The classical and simplest method of testing axonal and intra-axonal transport consists of throttling or stopping it by ligating, crushing, or cutting a peripheral nerve. This blocking of convection across the lesion results in a marked accumulation of mitochondria5 and an intensive increase of enzymatic reactions6 7 at the side of the block near the cell, coupled with a widening of the affected stretches of the axons. These local changes, which are most pronounced immediately in front of a crush and which grade off rather steeply in the central direction, have generally been accepted as indicators of the damming of proximodistally moving axoplasm at the obstruction. If any of these flow criteria failed to appear after the local application of colchicine, this could then be interpreted as interference with the transport mechanism, yielding a clue to the structures involved. In one group (12 animals), the nerves were crushed with a watchmaker's smooth forceps immediately after the injection at the site of injection. These animals were sacrificed 24 or 48 hr later. In a second group (13 animals), the injected nerves were left intact and the animals were kept alive up to 14 days. After dissection from the ether-killed animals, the nerves were sectioned longitudinally at 16u in a cryostat. The distributions of two enzymes, a mitochondrial one, nicotinamide-adenine dinucleotide (NAD) tetrazolium reductase (also: diphosphopyridine nucleotide (DPN) diaphorase), and a nonmitochondrial one, acetyleholinesterase (AcCh esterase), were then determined histochemically. For the former, NAD was used as substrate and nitro blue tetrazolium as indicator;s while the latter was assayed by Gomori's modification of Koelle's acetyl thiocholine method.9
Results.-Colchicine had marked effects, varying with the dosage of the injections, but the results were different for the two enzyme systems tested, indicative of a corresponding difference between their respective conveyor systems.
Acetylcholinesterase: The uninjected, crushed control nerves developed the usual piling up of AcCh esterase activity in front of the crush with concomitant axonal widening (Fig. 1A) . By contrast, nerves injected with a high dose of colchicine (900 mig) showed a nearly uniform distribution of the enzyme between the crush and far more proximal levels (Fig. 1B) , indicating that no significant distal shift had occurred after the injection.
After the local injection of a lower dose (400 jig) of colchicine, some of the axons did show accumulations of the enzyme and axonal widening at the crush (Fig. 2B ), but considerably fewer than in the control preparation ( Fig. 2A) . However, there appeared in them a second zone (P) of local piling up farther proximally, a' to 8 mm above the crush. Such conspicuous accessory bands of concentrated enzyme activity have never been seen in uninjected control nerves. The results are readily explained by concluding that the drug has paralyzed the intra-axonal transport mechanism within a given distance from the point of injection proportional to the dosage, affecting some axons more than others. Most axons were blocked at the upper band (P), which evidently marks for most of them the border region between proximal, still mobile, and distal immobilized channels. Some had remained mobile all the way to the crush, while still others had been stalled at intermediate levels. The latter evidently account for the fact that the average enzyme density in the illustrated proximal nerve portions is higher in the injected nerve (Fig. 2B ) than in the control ( Fig.   2A ).
With still lower dosages of colchicine (<100 gug), the difference between the treated nerve and its control diminished. Even the injected nerve then showed a considerable piling up of AcCh esterase and a widening of the axons at the crush, although still less intense than in the control. There appeared PRO) prevented this accumulation (Fig. 3B) , although the activity of the enzyme as such in axons and in endoneurial and perineurial cells remained unimpaired. In striking contrast, however, to the blocking effects on acetylcholinesterase transport, the DPN diaphorase convection and accumulation at a crush remained unaffected by the injection of colchicine in the lower dosage . range (100-470 ug) (Fig. 4) transport of the tested enzyme systems in the affected axons; the degrees of interference vary both with the dosage of the drug and with the type of enzyme, the latter variable presumably referring to differences in the vehicles involved.
Since comparisons between treated and normal control nerves proved that the histochemical reactivity of the enzymes as such had not been altered by the treatment, the observed differences in the depth of the staining reaction can be safely taken to express local differences in enzyme content.
For an enzyme population in proximo-distal motion, the amount present at any one level is the balance between inflow and outflow. Blocking of outflow by a crush causes local piling up. Reduced pile-up at such an obstruction consequently signifies reduced inflow. This is precisely what is reflected in the distribution of acetylcholinesterase in a nerve in which the vicinity of the crush has been infiltrated with colchicine, the more widely, the stronger the dose: the transport mechanism for the enzyme has evidently been paralyzed, the immobilization extending farther up toward the cell body after a stronger dose (Fig. 1) . At the lower dosage, only a stretch of maximally 8 mm proximal to the crush level has become incapacitated, the limit of the effect being marked by the local band (P) of accumulation (Fig. 2B) which has formed in an otherwise continuous nerve stump. Evidently, the enzymes arriving from the cell body have not been conveyed beyond that proximal level.
Although the blockage of convection of acetylcholinesterase by colchicine thus seems established, the nature of the channel and mechanism of convection remains conjectural. The parallelism to the colchicine effect on microtubules in nonneural cells definitely points to the neurotubuies as the sites of the drug action, and hence as major conduits for the enzyme, among other central cell products. This view is supported by the electronmicroscopic-histochemical demonstration that AcCh esterase accumulates in tubules proximal to a nerve ligature.7 On the other hand, it also occurs at other intra-axonal sites, such as vesicular structures'0 and axolemma. If the convection of other compounds is also stopped by colchicine, this might account for the gradual development, after local injections of the drug, of axonal modifications described as "neuropathy" ;12 it might also explain the delay in the sprouting of regenerating axons in the animal'3 and the inhibition of the elongation of nerve sprouts in vitro, '4 inasmuch as the affected axon, incapable of intrinsic neosynthesis, would be deprived of central contributions essential to its growth. The observation that after subarachnoidal injection of colchicine, clusters and tangles of filaments appear in the soma of the motor horn cells, has also implicated neurotubules with axonal flow," in the sense of a glut of material piling up in the soma because of lack of drainage by the stagnating axon. Our general conclusions are further corroborated by the finding that after colchicine is applied to sympathetic fibers, noradrenaline is stalled in its export from the ganglion cell'6 and accumulates there. In line with other reports in the literature, the paralyzing effect of colchicine on neurotubules could be attributed to the tendency of colchicine to bind to neurotubular proteins. '7 In striking contrast to its blockage of AcCh esterase transfer is the general lack of interference of colchicine (in lower and medium concentrations) with VOL. 62, 1969 ,-27 the proximo-distal shift of the mitochondrial enzyme DPN diaphorase. However, the difference is readily accounted for by the ostensible disparity between the vehicles involved in either case, namely, (a) the axonal flow proper and (b) the intra-axonal "flow within flow."2 The former consists of the slow translatory movement of the coherent axonal column, which carries the enclosed mitochondria along,5 while the latter has been ascribed to intra-axonal channels, such as the neurotubules or intertubular spaces,2 where it can proceed at considerably faster rates. Since mitochondria can serve as markers for axonal flow proper and DPN diaphorase may be regarded as a marker for mitochondria, one could conclude from the experiments that colchicine, although it immobilizes the intra-axonal flow mechanism, leaves the axonal flow itself relatively undisturbed-at least in submaximal dosage. The drug thus provides a further means for distinguishing the two types of convective mechanisms.
